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ABSTRACT: Most cancer-related deaths come from metastasis. It was recently discovered that nanoparticles could inhibit cancer cell migration. While most researchers focus on single-cell migration, the effect of nanoparticle treatment on collective cell migration has not been explored.
Collective migration occurs commonly in many types of cancer metastasis, where a group of cancer cells move together, which requires the contractility of the cytoskeleton filaments and the connection of neighboring cells by the cell junction proteins. Here, we demonstrate gold nanorods (AuNRs) and the introduction of near-infrared light could inhibit the cancer cell collective migration by altering the actin filaments and cell junctions with significantly triggered phosphorylation changes of essential proteins, using mass spectrometry-based phosphoproteomics. Further observation using super-resolution stochastic optical reconstruction microscopy (STORM) showed the actin cytoskeleton filament bundles were disturbed, which is difficult to differentiate under a normal fluorescence microscope. The decreased expression level of N-Cadherin junctions and morphological changes of tight junction protein zonula occludens 2 (ZO-2) were also observed. All these results indicate possible functions of the AuNRs treatments in regulating and remodeling the actin filaments and cell junction proteins, which contribute to decreasing cancer cell collective migration.
Metastasis is responsible for over 90% of cancer-related deaths. 1 In order to initiate the metastasis, cancer cells must be equipped with the ability to migrate and invade the surrounding tissues, then intravasate to the microvasculature of the lymph and blood stream, and finally translocate to distant tissues and adapt in the microenvironment. 1 However, past attempts to 3 develop anti-metastasis drugs have not been efficacious in clinical trials. 2 Recent advancements in nanomedicine provide new opportunities to avoid some drawbacks of commonly used cancer drugs, as nanoparticles can cross biological barriers, enter target cells with high selectivity, and function inside cell in a controlled manner. [3] [4] [5] Nanoparticles have shown promise as antimetastasis drug delivery vehicles targeting invasive or metastasized cancer cells, [6] [7] [8] and they could even function as anti-metastasis drugs without drug loading. [9] [10] [11] [12] The optical and mechanical properties, such as plasmonic photothermal effect and high mechanical strength, as well as excellent biocompatibility of gold nanoparticles (AuNPs) make them very useful in attenuating cancer metastasis. 13 Previously, we have developed cancer treatment using gold nanorods (AuNRs) for plasmonic photothermal therapy (PPTT). In PPTT, AuNRs that absorb the incident near infra-red (NIR) light to induce heat, and thereby could trigger tumor apoptosis. 14, 15 AuNRs-PPTT has been applied successfully on treating tumor bearing mice, cats and dogs. In these studies, we observed that animals with induced or spontaneous tumors were effectively cured with no tumor reoccurrence or metastasis. 14, 16, 17 Our recent in vitro studies also revealed AuNPs and PPTT inhibit cancer cell migration and invasion. 12, 18 However, the mechanism of how AuNPs treatments inhibit cancer cell migration remains largely unresolved.
While the mechanism of nanoparticles on inhibiting the migration of single cells has been explored in the previous works, the mechanism regarding collective cell migration has rarely been studied. In collective cancer cell migration, a group of cancer cells migrate together, which might be a more efficient route for metastasis possibly due to a diverse cell population seeding other organs or the multicellular signal integration engaged. 19 Collective cell migration has been widely observed in human cancers, especially in human epithelial cancers such as breast cancer and colon cancer. 19, 20 It requires both the contractility of the cytoskeleton filaments and the active interactions of neighboring cells through the cell-cell junctions that connect the cytoskeleton of the neighboring cells. 21 This process is highly dynamic and regulated by signal transduction through protein phosphorylation. [22] [23] [24] Given their important roles, it is imperative to understand the signals evolved in the cytoskeleton filaments and cell-cell junctions shortly after AuNRs and PPTT stimulation for the rational design of effective strategies to inhibit cancer metastasis.
In the current study, we hypothesized that the integrin-targeting AuNRs and PPTT treatment could affect the cytoskeleton and cell junctions, due to their interactions and connections as a network, to result in the inhibition of collective cancer cell migration (as shown in Scheme 1 in the Experimental section). To test this hypothesis, quantitative mass spectrometry (MS)-based phosphoproteomics was employed to examine the signaling pathways upon the stimulation of AuNRs and PPTT. A primary signaling pathway map has been constructed to display a large number of identified alterations. Furthermore, super-resolution microscopy imaging techniques were used to visualize the changes of key cytoskeletal and cell junction proteins. Both phosphoproteomics and super-resolution imaging results indicated possible functions of the AuNRs and PPTT in regulating and changing the architecture of the cytoskeletal filaments and cell junctions, contributing to the inhibition of collective cancer cell migration.
RESULTS AND DISCUSSION

Gold Nanorods and NIR Light Attenuate the Migration and Invasion of Cancer Cells
The preparation of integrin targeted AuNRs was stated in our previous work. 18 Briefly, AuNRs with a size of 25 (± 3) × 6 (± 2) nm (length × width) and an aspect ratio of 4.2 (Figure S1A, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 transmission electron microscopy (TEM) image) were synthesized using the seedless growth method. 25 Optimal heat-generating efficacy in PPTT with these AuNRs has been demonstrated previously. 26 To remove the cytotoxic cetyltrimethylammonium bromide (CTAB), the assynthesized AuNRs were washed twice with D.I. water. Then, the AuNRs were functionalized with polyethylene glycol thiol (PEG) and Arg-Gly-Asp (RGD) peptides to increase the biocompatibility. 27 and obtain integrin targeting, 28 respectively. The surface conjugations were confirmed by the red-shift of the longitudinal surface plasmon resonance (SPR) band ( Figure   S1B ) and surface charge changes of the AuNRs ( Figure S1C ), consistent with the previous reports. 18 The binding of RGD peptide to the cell surface integrin could enhance the endocytosis of AuNRs. 29 The internalization of AuNRs within the cervical cancer cell line HeLa, was observed under a differential interference contrast (DIC) microscope ( Figures 1A and B ). DIC images indicate the AuNRs@RGD distribute spread the cytoplasm and the cell junction areas ( Figure   1C ). The z-scanning indicates the successful internalization of AuNPs inside cells after 24 h ( Figure S2A -C). The cell viability (XTT) assay revealed that the cells remained viable and had similar proliferation rates after incubation with AuNRs and after PPTT for 24 h ( Figure 1D ).
AuNRs@PEG was used as a "bare", nonspecifically targeted AuNRs for control, as shown in Figure S3 (no cytotoxicity) and Figure S2B (cellular uptake not obvious), indicating the importance of RGD peptides to increase cellular uptake. In addition, no observable change of the apoptosis regulator Bcl-2-associated X (BAX) protein indicates no apoptosis after treatment ( Figure 1E ). We performed the same assays with the breast cancer cell line MCF-7, and similar results were obtained ( Figure S2 ).
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To evaluate the effects of AuNRs on cancer cell collective migration, we conducted a 2D scratch assay 30, 31 on the monolayers of MCF-7 and HeLa cells with or without the treatments.
After introducing a "scratch" or "wound" into a cell culture, the cancer cells migrate collectively to the empty space, and images were captured immediately and 12 hours after the scratch of HeLa cells in Figure 1F (or 24 hours of MCF-7 cells in Figure S4 ). The statistics ( Figure 1G) indicates that cells have exhibited significantly different wound-healing abilities in the control groups compared with those treated with AuNRs, while the introduction of NIR light to generate PPTT further decreases the wound-healing ability of cancer cells. If only treated with same dose of NIR light (no AuNRs added), no change in the cell viability and motility was observed ( Figure S5 ). Our result shows both specific targeted AuNRs (AuNRs@RGD) and nonspecific targeted AuNRs (AuNRs@PEG, Figure S6 ) could inhibit collective cell migration to different extents, among which the AuNRs@RGD assisted PPTT is most effective.
Mass Spectrometry-Based Phosphoproteomic Analysis Reveals Perturbations of the Signal
Transduction of Actin Network and Junction Proteins
To elucidate the effects of AuNRs and PPTT treatments on cytoskeleton filaments and cell junctions, we examined the phosphoproteomics of cancer cells using quantitative mass spectrometry (MS). A simplified experimental procedure is shown in Figure 2A Proteins with their significantly altered phosphorylation sites are listed in heatmaps ( Figure 2B for AuNRs and 2F for AuNRs+PPTT) and Table 1 (see Table S1 for more information). In order to understand the biological meanings of these phosphorylation changes, we performed pathway analysis ( Figure 2C for AuNRs and 2G for AuNRs+PPTT), which revealed the significant perturbations to the signaling pathways related to the cytoskeleton and cell junctions. To further confirm the mass spectrometric results, the varied phosphorylated sites of p120 catenin (pS268) and glycogen synthase kinase (GSK3, pY216), which are highly related to cell adhesive junctions, and are regulators to actin cytoskeleton and microtubules, 32 respectively, have been validated by Western blot results ( Figure 2D , E, H, and J).
We observed that our treatments can change the phosphorylation of the actin network (Table   S1 ), including i) proteins forming the focal adhesions (FAs), such as paxillin, zyxin, vinculin; ii) the myosin related proteins, such as myosin-9 and myosin-light-chain phosphatase (MLCP); iii) Integrins are adhesive molecules located in the cell membrane and responsible of transporting signals and cell-cell communications. 33 The ability of integrin-targeted AuNRs to alter the junction proteins is linked to the coordination and interdependence manner of integrin and cell junction to form adhesive networks, by connecting through the actin cytoskeleton and sharing common signaling molecules. 34, 35 For instance, integrin-induced signaling molecules focal adhesion kinase (FAK) and paxillin regulate the N-cadherin junctions in Hela cells; 36 α-catenin links cadherin to the actin cytoskeleton; 37 and p120 catenin cooperates with cortactin to regulate lamellipodial dynamics and cell adhesion. 38 Here, we observed possible signal cross-talk between the cytoskeleton and cell junctions, such as the altered phosphorylation of paxillin, α-, β-, and p120-catenin, as well as cortactin. Based on the phosphoproteomics results, a schematic 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 diagram is constructed to show the signal transduction upon AuNRs and PPTT stimulation ( Figure 3 , and more details in Figure S11 and S12). By targeting integrins, our treatments induced the protein phosphorylation change of the downstream actin cytoskeletal and junction proteins. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  Table 1 . Selected significantly dysregulated phosphorylation sites of the cytoskeletal and junction proteins, specifying the phosphorylation sites and biological functions.
Category
Protein Protein Function Phosphorylation Sites Altered
Phosphorylation Sites Function
Cytoskeleton Paxillin Form focal adhesions pS303, pS302, pS106, pS85
Increase of pS85 has an important function in cell adhesion 39, 40 
MYH9
Form stress fibers and create a contraction force in cell migration 41 pS1943 pS1943 could alter cell motility 42 MLCP pS299, pS445, pS871 pS445 is closely related to cell adhesion 43
MAP4
Promotes microtubule assembly pS1073, pS787, pS280, pS789 pS1073 is related to cancer cell metastasis potential 44 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60
Super-Resolution Imaging for Confirming Disturbed Cytoskeletal and Cell Junction
Proteins.
Collective cell migration requires the cells are effectively coupled by cell junctions, coordinating their actin dynamics and intracellular signaling thereby forming a functioning unit. 20 The actin cytoskeletons of neighboring cells are coupled by the cell junctions. The drag force between the cells is provided by actomyosin contractility, 55 which is important in maintaining effective cell junction and collective migration. 56 Although the phosphorylation signal transduction takes place within a few minutes, the protein expression level may take hours to change. Therefore, to clearly observe the protein expression level changes, we monitored the actin filament structures after 24 hours of AuNRs incubation with or without PPTT (Figure 4 ).
Under a normal fluorescence microscope, it is difficult to differentiate the changes of actin structure before and after treatments due to the insufficient resolution, as shown in Figure 4A -C.
Stochastic optical reconstruction microscopy (STORM) provides superior spatial resolution than conventional fluorescence microscopy to reveal the detailed actin cytoskeletal structures ( Figure   S13 ). By using STORM, we observed the morphological changes of the circumferential actin filaments at the cell-cell junctions. Before AuNRs treatment, the well-aligned stress fibers (contractile actin bundles) are clearly visualized, with polymerized and stable structure ( Figure   4D ). However, after AuNRs treatment, the actin bundles became thinner, showing a clear sign of disturbance ( Figure 4E ). Furthermore, after NIR exposure, the circumferential actin filaments at cell junctions exhibited obvious changes ( Figure 4F ): the stress fibers were greatly decreased, while coil, depolymerized and reorganized structures appeared, which possibly indicated the heating effect on harming the actin filaments polymerization at the junction sites. In addition, the actin structure at the cell leading edges (filopodia and lamellipodia) was also imaged ( 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 S14), and the observed decrease in stress fibers in the cell leading edges hinted a decrease in cell motility.
We further examined the AuNRs and PPTT effects on cell junctions in faster-migrating HeLa cells and slower-migrating MCF-7 cells. Different cell lines could have highly diverse populations of cell junction proteins. The expression level of neural (N)-cadherin in HeLa was found to be much higher than that in the MCF-7 cells 57 (not detectable in MCF-7 cells in our study). On the other hand, MCF-7 cells show significantly higher expression levels of tight junction proteins than HeLa cells ( Figure S15 ). Therefore, we used HeLa cells as a model for studying the N-cadherin junction and MCF-7 cells for the tight junction.
The N-cadherin junction is well known to be highly expressed in many aggressive tumors and promote metastasis. 58 It is reported that N-cadherin holds the cohesive cell clusters together, which tend to migrate persistently, 59 playing a key role in collective migration. 59, 60 The expression level of N-cadherin junction is largely known as a marker for cancer motility and invasiveness. We observed a decreased expression level of N-cadherin ( Figure 5A -E, S16) upon the AuNRs treatments by fluorescence intensity and Western blot analysis.
Tight junctions create strong intercellular links 61, 62 at the invasion zone of tumors. 20 During tumor development, tight junctions are remodeled, enabling cancer cells to adopt a migratory behavior. 63, 64 It has been reported that tight junction protein ZO-1 can directly bind to integrin and regulate the mechanical properties of integrin-fibronectin links. 65, 66 In addition, the tight junction proteins ZO-1, ZO-2 and ZO-3 can bind to the cytoskeleton. 67 Here, we studied the tight junction changes by labeling ZO-2. We observed the morphology of ZO-2 change from a normal and continuous line-like structure in the control group to a discontinuous dot-like structure after 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 treatment, indicating possible impaired tight junctions ( Figure 5F ). If only treated with same dose of NIR light (no AuNRs added), no changes in the actin filaments, N-cadherins, and ZO-2 were observed ( Figure S17 ).
This study differs from the previous works mainly in the following points: 1) Early signaling (30 min) was studied upon AuNRs and mild PPTT treatments using phosphoproteomics, while most of other work studied longer time scale, such as overnight or after several days. 68, 69 2) The alterations of cell junction were reported here, while our previous work was focused on the cytoskeleton proteins after 24 h AuNRs and/or PPTT treatments. 18 3) In addition, superresolution imaging technique (STORM) revealed more detailed structural information on the effects of our treatment.
We have previously studied the PPTT for triggering apoptosis. 14, 15 However, due to several reasons, such as the inhomogeneous distribution of AuNRs or the laser penetration ability, some locations within tumor might not generate apoptosis. In addition, it is possible for some cancer cells to develop thermal tolerance. 70 For those cells that not able to receive enough dose or resistant to the treatment to cause apoptosis, their ability towards metastasis could decrease upon treatment.
Collective migration is widely observed in metastasis in vivo. 71, 72 The relationship of cell mechanical properties (cell junction and adhesion, actomyosin contractility, geometry confinement, etc.) and cell collective migration in vivo has been reported previously. 22, 73, 74 For instance, it has been reported that lipoma preferred partner (LPP), an actin-binding protein that could degrade N-cadherin in lung cancer, could inhibit collective cell migration during lung 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60 metastasis in mice model. 75 Regarding our treatment, future studies on metastatic mice models will be performed.
As metastasis is a highly complex process, multiple factors, such as cytoskeleton, adhesion, extracellular matrix (ECM), tumor microenvironment, blood or lymphatic vessels, etc., will need to be considered for a comprehensive understanding of AuNRs-PPTT in inhibiting metastasis.
Zhang et al. have shown that photodynamic therapy (using liposome with porphyrin-18) can greatly disturb the ECM, therefore decrease the attachment of the cells with the ECM and affect the actomyosin contractility. 76 It will be interesting to look into how AuNRs and PPTT affect ECM, tumor microenvironment, blood or lymphatic vessels in future studies.
CONCLUSION
In this study, we investigated the mechanism of integrin-targeted AuNRs and PPTT in inhibiting collective cancer cell migration. Our phosphoproteomics results revealed the phosphorylation changes of many cytoskeletal and cell junction proteins, setting the foundation for current and future studies of the underlying mechanism at the molecular level. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 the current experimental evidence has led to a proposed mechanism that the interactions between the integrin-targeted AuNRs and cells could trigger the phosphorylation changes of essential components associated with cytoskeleton filaments and cell-cell junctions, and cause their morphological or expression level changes, therefore inhibiting cancer collective migration.
Further studies of the perturbations to individual related proteins will be carried out to provide a more complete understanding of the inhibition effect. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Axiovert 100 TV microscope equipping with a high sensitive back-illuminated sCOMS camera (Dhyana 95, Tucsen). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 60 Toxicity and Uptake of AuNRs to Cancer Cells. In order to examine the nanoparticle cytotoxicity in cells, XTT assay was performed. The uptake of AuNRs to HeLa and MCF-7 cells was visualized under a DIC microscope. Plasmonic AuNRs can be easily discerned from the cellular features as they appeared with high DIC contrast at/near SPR wavelength.
Synthesis, Conjugation and
Measuring Cell Migration Speed upon AuNRs Treatment. The 2D scratch assay was performed according to previous report. 31 For measuring cell migration rate, a scratch assay will be used where cells will be cultured in a 6 well plate to form a confluent monolayer. A p200 pipet tip will be used to scrape the cell monolayer in a straight line to create an empty gap. Then the cells will be allowed for migration into the gap and imaged to track their migration rates. The cells were imaged on an inverted Nikon Eclipse Ti-E microscope using bright field microscopy. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 Briefly, cells were cultured in an 8-well glass chamber (ibidi) and washed once with pre-warmed PBS buffer (Invitrogen). Cells were then fixed and permeabilized with 0.3% glutaraldehyde (Sigma) and 0.25% Triton X-100 (Sigma) in a cytoskeleton buffer containing 10 mM MES pH 6.1 (Sigma), 150 mM NaCl (Sigma), 5 mM EGTA (Sigma), 5 mM glucose (Sigma), and 5 mM MgCl 2 (Sigma). Freshly prepared 0.1% NaBH 4 (Sigma) in a PBS buffer was used to reduce the autofluorescence background generated during the cell fixation. The cells were then washed with a PBS buffer three times followed by applying a blocking buffer (3% BSA (Sigma) + 0.2%
Triton-X100 in PBS buffer) for 60 min. To label the actin, cells were stained with 0.5 µM Alexa 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 followed by centrifugation at 18000 g for 20 min at 4 o C to remove cell debris. The proteins in the supernatant were precipitated by adding 4 × excess volumes of ice-cold precipitation solvents (v/v) TFA) for 20 min, respectively. Finally, the phosphopeptides were eluted by adding 10%
(v/v) ammonia-water and lyophilized to powder for following analysis. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 maximum of two missed cleavages were allowed for the analysis. For peptide and protein identification, the false discovery rate (FDR) cutoffs were both set to 0.01. Triplets were selected as the quantification mode with the dimethyl Lys 0 and N-term 0 as light labels, dimethyl Lys 4
and N-term 4 as median labels and dimethyl Lys 8 and N-term 8 as heavy labels. All other parameters are the default setting in MaxQuant.
Bioinformatics Analysis. Bioinformatics analysis of phosphoproteomics study was performed.
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ACS Paragon Plus Environment
